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BacteriaA common phenotype within bacterial bioﬁlms is the small, “wrinkly” colony, which may associate with worse
prognoses from bioﬁlm-associated infections. The mechanisms that produce these variants in Burkholderia are
undeﬁned. Here we report the mutational and ecological causes of wrinkly (W) colonies that evolved during
experimental bioﬁlm evolution of Burkholderia cenocepacia. Mutations clustered in a homologous pathway to
the Pseudomonas wsp operon but with a distinct terminal signaling mechanism, and their parallel evolution sug-
gested that they inhabited an equivalent bioﬁlm niche. We tested this hypothesis of niche complementarity by
measuring effects of substituting different W variants in the same evolved bioﬁlm community. Despite phenotypic
differences amongWmutants growing alone, ﬁtness of reconstituted mixed bioﬁlms did not differ signiﬁcantly. In
conclusion, the evolution of small-colony variants in Burkholderia bioﬁlms appears to be driven by an ecological
opportunity that generates strong selection for constitutivewspmutants to inhabit a common niche.
© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).1. Introduction
The convergent evolution of similar phenotypes among different
species inhabiting separate ecosystems may be the strongest evidence
for the existence of a common niche. For bacteria inhabiting bioﬁlms,
one common phenotype is the small-colony variant (SCV), which is
also often described as “wrinkly” or “rugose” [20,25,30,31]. There is
ample evidence that these colony variants represent heritable evolu-
tionary responses to bioﬁlm life, and more concerning, the appearance
of these variants often correlates with worse outcomes of bioﬁlm-
associated infections [5,10,11,15,27,31,36]. Importantly, these variants
are almost always observed as low-frequency members (b25%) of a
mixed culture, and are often missed by surveillance techniques that
sample only a single, “representative” colony type [8]. It is important
to note that the colonymorphology phenotypes described in these stud-
ies, including this one, are not directly under selection per se, but are in
fact secondary phenotypes seen in laboratory culture. Yet this remark-
able pattern of convergent evolution motivates the hypothesis that
these SCVs represent a common response to natural selection for
growth in a particular bioﬁlm condition. If so, themolecular basis of ad-
aptation to this condition might proceed along common pathways, and.
. This is an open access article undermoreover, these mutants should also be able to inhabit complementary
niches within independently evolved communities.
Within bioﬁlms found in nature or associated with infections (e.g.
among different cystic ﬁbrosis patients), testing this hypothesis is
daunting for ethical reasons and because the evolutionary histories of
each isolate are unknown. However, experimental evolution presents
the opportunity to observe the repeated, independent evolution of com-
mon traits under settings that control for history and the duration of se-
lection. Perhaps the best example of this research approach has focused
on rapid dynamics of evolutionary diversiﬁcation by the plant commen-
sal Pseudomonas ﬂuorescenswhen grown in static culture vials. Growth
in unshaken cultures establishes various resource gradients (oxygen,
primary resources, secreted metabolites) and competition for growth
at the air–liquid interface, and for P. ﬂuorescens, these conditions select
for niche specialists that are easily diagnosed by changes in colonymor-
phology occurring in a few days [24]. One of these types is an SCV that
typically evolves by mutations in an operon termed wsp, for wrinkly
spreader [1,20]. Upon activation, the wsp operon derepresses the syn-
thesis of cellulose when WspE phosphorylates WspR, an enzyme that
synthesizes the bioﬁlm regulator cyclic diguanylate monophosphate,
or cyclic-di-GMP [6]. Once thesewrinklymutants are present in the cul-
ture, they form a pellicle at the air–liquid interface that limits subse-
quent evolution of additional bioﬁlm specialists from the ancestor [2],
suggesting that independent wrinkly mutants occupy the same niche
and could function equivalently. In addition, independently derivedthe CC BY license (http://creativecommons.org/licenses/by/3.0/).
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prised of the other two P. ﬂuorescens colony variants [14]. Thus, in this
simple model of a ﬂoating bioﬁlm evolving in an unshaken culture
vial, evolution predictably results in a bioﬁlm specialist that always oc-
cupies the same niche.
We sought to extend the generality of these ﬁndings to another
bioﬁlm-forming bacterium that exhibits colony variation, the opportu-
nistic pathogen Burkholderia cenocepacia, via a laboratory system that
enables evolution of bioﬁlm communities to be studied over a time
scale comparable to chronic infection. Our method of long-term exper-
imental evolution consists of a daily cycle of growth and attachment to a
plastic bead, followed by dispersal to colonize a new bead when intro-
duced into fresh media [23]. Importantly, this approach makes possible
regular archiving of communities that can be reconstituted and manip-
ulated. In a previously described experiment involving N1000 genera-
tions of evolution, six replicate B. cenocepacia populations rapidly
became ecologically diverse as colony types named Studded (S), Rufﬂed
(R) and a Wrinkly SCV (W) deﬁned distinct growth patterns [23,32].
Both the duration of the transfers (143 days) and the heterogeneity of
the selective environment set this experiment apart from prior bioﬁlm
evolution studies lasting less than one month. Each day, these mutants
experienced a variety of selective forces for growth, surface coloniza-
tion, bioﬁlm assembly, and ﬁnally, dispersal to a new substrate. Over
time, three ecotypes co-evolved to increase community bioﬁlm yield
relative to their expected growth in monoculture [23].
We determined themutations associatedwith ecological diversiﬁca-
tion and the evolution of greater productivity by sequencing clones and
metagenomes from multiple time points in the long-term experiment
[32]. Mutations in an operon homologous, but not identical to, the wsp
operon found in Pseudomonaswere detected in all replicate populations
and predicted to be the causes of the W-type SCVs. In this study, we
study the functions of these wsp mutants both in isolation and in the
presence of other evolved ecotypes to test the primary hypothesis that
independent W mutants evolved to inhabit the same (or functionally
complementary) niche (the niche complementarity hypothesis). This
hypothesis is more broadly motivated by research on the relationships
between diversity and productivity in natural ecosystems, which reveal
that greater than expected productivity may be explained in part by
interactions among different species inhabiting complementary niches
(reviewed in [33]). However, the presence of secondary mutations in
W SCVs from the long-term experiment complicated the inference of
causation [32]. We thus repeated the experimental evolution as a
short-term screen for newly arising SCVs, and captured 18 new SCV
mutants derived immediately from the ancestor. Paired with high-
throughput sequencing, this method also served as a screen for gain-
of-function mutations in bioﬁlms. We sequenced the genomes of these
mutants to determine whether the colony morphologies had similar
genetic bases, and then assayed their ﬁtness and bioﬁlm phenotypes to
assess whether they were equivalently adaptive. This short-term evolu-
tion revealed even greater parallelism in thiswsp-like operon and provid-
ed new insights into the genetic and ecological function of SCVs, including
why they might be so prevalent in infectious bioﬁlms.
2. Methods
2.1. Strains and culture conditions
The Burkholderia cepacia complex (BCC) is a cluster of closely related
species commonly isolated from the environment, capable of forming
robust bioﬁlms, and a common cause of chronic infections in persons
with cystic ﬁbrosis [18,34]. One species, B. cenocepacia, has relatively
high prevalence and is associated with increased patient morbidity
and mortality [26,28]. B. cenocepacia HI2424, the strain used in this
study, was isolated from an onion ﬁeld and frozen at−80 °C, and re-
mains naive to a laboratory environment [17]. A Tn7 vector was used
to introduce the gene lacZ to HI2424, conferringβ-galactosidase activityand enabling blue-white screening of plated mixtures during direct
competitions [4]. Motility was tested on tryptone-swim plates (1%
tryptone; 0.3% agar; 0.5% NaCl) with threefold replication. Plates were
inoculated with 50 μl of overnight culture, and then incubated at 37 °C
for 20 h. The diameter of each colonywas thenmeasured inmillimeters.
Bioﬁlm production was assayed as previously described [22].
2.2. Short-term experimental evolution as a mutant screen
All evolution experiments and ﬁtness assays were carried out in
18 × 150 mm test tubes and incubated at 37 °C while rotating on a
roller drum. Ancestral clones were revived from frozen stock as inde-
pendently isolated colonies, grown overnight in Tryptic Soy Broth, and
then subcultured in 5 ml of M9 minimal media supplemented with 3%
galactose (3% GMM) containing a 7 mm polystyrene bead, and incubat-
ed for 24 h. Beads were then removed and all attached cells were re-
moved by vortexing in Phosphate Buffered Saline (PBS). Replicate
populations were founded with a 1:1 mixture of Lac+/Lac− marked
ancestors in 3% GMM containing a white bead, and incubated for 24 h.
The bead was then moved to a new tube of fresh media containing a
black bead, and again incubated. Experimental evolution continued in
this fashion, transferring the 24 hour bead to fresh medium containing
an oppositely marked bead, selecting for daily bioﬁlm formation and
dispersal. Populations were sampled every other day by removing all
cellular contents from the 48 hour bead, diluting 1:100,000 in PBS,
and plating on ½ strength Tryptic soy (Tsoy) agar plates containing
X-gal. Transfers were stopped upon discovery of a SCV in either Lac
background, and one SCV colony was regrown brieﬂy and saved at
−80 °C for analysis. If independently derived SCVs were found on
both Lac backgrounds in the same population, both were saved
and analyzed.
2.3. Fitness assays
Fitness effects of each mutant were measured by direct competition
with the ancestor in three- or four-fold replication, as described previ-
ously [23,32]. All mutants (as complete blocks) and their oppositely
marked ancestor were separately revived and preconditioned in their
selective environment, then added 1:1 to fresh media, using half the
contents of a single bead for both mutant and ancestor. Cultures were
immediately sampled and counted at a 10−4 dilution, and then after
24 h of competition the bead was removed, its contents vortexed into
PBS, then diluted to 10−5 and plated on½ Tsoy–Xgal. All plates were in-
cubated for 24 h at 37 °C, then allowed to develop at room temperature
for 24–48 h before colonies were counted. The number of colony
forming units (CFUs) at T = 0 and T = 24 h was used to estimate cell
yield for each genotype, accounting for dilutions. Yield was then used
to calculate mutant and ancestor Malthusian parameters (m) [16]. The
difference in Malthusian parameters is then deﬁned as the selection
rate (r) and used to calculate the difference in the rate of increase be-
tween ancestor and mutant over 24 h.
2.4. Genome sequencing
Genomic DNAwas individually isolated from eachmutant using the
DNeasy Blood & Tissue Kit (Qiagen) protocol for gram-negative bacteria
and prepared for Illumina sequencingwith direct read barcodes accord-
ing to manufacturers' protocol (Nugen), and pooled for 101-bp paired-
end sequencing on one lane on the IlluminaHiSeq2500 at theUniversity
of New Hampshire Hubbard Center for Genome Studies. Following
demultiplexing, FASTQs were mapped to the previously sequenced
B. cenocepaciaHI2424 reference genome (DOE-Joint Genome Institute),
revealing N100× coverage for each clone, andmutationswere identiﬁed
using the breseq pipeline with default settings and focusing only on
high-conﬁdencemutation calls covered bymultiple reads in both direc-
tions. [3]. Mutations in the loci labeled wspA and wspE that evolved
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by Sanger sequencing [32].
3. Results
We previously characterized the evolution of six replicate laboratory
populations of B. cenocepacia in a laboratory system requiring attachment
to a polystyrene bead, bioﬁlm formation, dispersal, and re-attachment for
more than 1000 generations [32]. In each population, three distinct
morphological variants arose and persisted throughout the course of the
experiment. Themajority type, S, can growplanktonically and in a bioﬁlm
and can be considered a generalist relative to the other types. TheR type is
a bioﬁlm specialist at intermediate frequency and produces spreading,
wrinkled colonies. The W type, for “wrinkly” is a SCV, is least frequent
(5–15%) within each population, and produces the most robust bioﬁlms
on the bead, on the tube walls, and in clumps with other cells [23]. A
prior study revealed that the persistence of W types within the best-
studied population (B1) resulted not from continued evolution of an
initial W lineage but rather recurrent evolution of newWmutants from
the dominant population haplotype with S morphology (that is, S types
repeatedly gave rise to newWmutants) [32]. In each case, these W vari-
ants had mutations in the operon homologous to the Pseudomonas wsp
operon [1,35]. Consequently for this study, we assign B. cenocepacia
genes including Bcen2424_3786 to Bcen2424_3792 the same nomencla-
ture (wspA–wspF).
3.1. Deﬁning the genetic basis of wrinkly SCVs
Webegan this study by revisiting the sequences of genetically hetero-
geneous population samples (metagenomes) of each lineage of the long-
term evolution experiment. We found 17 additional nonsynonymous
mutations in thewsp operon beyond those previously reported in clones,
which amounts to a signiﬁcant fraction of the ~182 total high-conﬁdence
calls across the six populations and strongly suggested that these muta-
tions were under strong positive selection. The combined frequency of
thesemutationswithin each population also correlatedwith the frequen-
cies of observedWcolonies [32], providing additional evidence that theseTable 1
Mutations (n = 35) associatedwith production of small colony variants (SM = smooth,W =
of attachment and dispersal.
Locus Gene name Substitution (# observed)
Bcen2424_3785 wspHRR L135F (3)
Bcen2424_3786 wspA I196N
Bcen2424_3786 wspA I196M
Bcen2424_3786 wspA S285W (2)
Bcen2424_3786 wspA Q302H
Bcen2424_3786 wspA A368V
Bcen2424_3786 wspA A369V
Bcen2424_3786 wspA V389A
Bcen2424_3786 wspA A407V
Bcen2424_3786 wspA A452V
Bcen2424_3786 wspA DEL307-313
Bcen2424_3790 wspD L35P
Bcen2424_3790 wspD A202P
Bcen2424_3791 wspE R261W
Bcen2424_3791 wspE D279V
Bcen2424_3791 wspE Y293H
Bcen2424_3791 wspE P303L
Bcen2424_3791 wspE A466T
Bcen2424_3791 wspE V467L
Bcen2424_3791 wspE E565D
Bcen2424_3791 wspE A598S
Bcen2424_3791 wspE A498V
Bcen2424_3791 wspE D652N (4)
Bcen2424_3791 wspE S654L
Bcen2424_3791 wspE D696G
Bcen2424_3791 wspE S726L (3)
Bcen2424_3791 wspE D733V
⁎ Only ﬁtness values (measured as r, selective rate constant) of clones harboring a single mutamutations caused the W morphology. Yet we still wanted to determine
effects of these wsp mutations in genetic isolation and conﬁrm that
these mutations alone produced the SCVs detected in the early samples
of each population. Thus, seven new replicate populations were evolved
under the selective conditions with equal mixtures of ancestors differing
in a neutral Lacmarker, which helped to identify independent SCVmuta-
tions within the same population. Eighteen new mutants were selected
based on their altered colony phenotype between four and eight days
(approximately 32–64 generations), and from both marker backgrounds
in each population, which demonstrates exceptionally strong selection.
Thirteen of the mutants produced a wrinkly colony phenotype and
were labeled Early Wrinkly (EW); three were studded (S); and two
mutants produced a new colony phenotype referred to as “tiny mucoid”
(TM).
These initial mutants were isolated and their genomes sequenced to
elucidate the molecular bases of these colony morphologies and their
adaptations (Table 1). Remarkably, all 18 mutants had mutations in
the wspA or wspE genes within the operon or in the monocistronic hy-
brid response regulator/histidine kinase (HRR) [37] that is transcribed
separately but is immediately 5′ to the operon, which we refer to as
wspHRR (Fig. 1). Further, every wsp mutation detected but one was a
single nonsynonymous substitution, with the exception being an in-
frame 21 bp (seven amino acid) deletion. The identical mutation was
observed repeatedly in independent clones that were isolated from dif-
ferent populations and different Lac marker backgrounds, namely
wspHRR L135F (two clones), wspA S285W (two clones), wspE D652N
(four clones) andwspE S726L (three clones). In addition to theWcolony
types, mutants in wspHRR produced the TM morphology, and most
mutants with S or R morphology had additional mutations in genes
outside the wsp cluster. The one exception, the single wspE D733V
mutation, produced an S morphology with only modest phenotypic
changes from the ancestor, and is noteworthy because this mutation
changed the conserved aspartic acid that is typically phosphorylated.
This mutation provides evidence that the Burkholderia wsp cluster
transduces a signal by phosphorelay, as has been shown in Pseudo-
monas [7,13,21], and that disruptions in this system affect bioﬁlm
phenotypes.wrinkly, ST = studded) during experimental evolution of B. cenocepacia in a bioﬁlmmodel
Detection method Phenotype Fitness of clone⁎ (CI)
2 clones, 1 in metagenome TM 1.305 (0.41)
Metagenome W
Metagenome W
2 clones W 1.183 (0.41)
Metagenome W
Metagenome W
Metagenome W
Clone W 1.543 (0.37)
Clone W
Clone W 1.389 (0.36)
Clone W
Clone, metagenome R
Metagenome W
Metagenome W
Metagenome W
Metagenome W
Metagenome W
Metagenome W
Metagenome W
Clone ST
Metagenome W
Metagenome W
Clones W 0.991 (0.20)
Clone W
Clone W
2 clones, 1 in metagenome W 1.453 (0.30)
Clone ST 0.207 (0.23)
tion are shown; other genotypes have additional mutations. CI = 95% conﬁdence interval.
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Fig. 1. Schematic of the B. cenocepacia wsp operon. Diagram of the Che-like operon (Bcen2424_3785–Bcen2424_3792) in the genome of B. cenocepacia HI2424 that is named wsp for
wrinkly spreader, following the nomenclature of homologs found in Pseudomonas. Major conserved domains found in each protein (using the CDD search in NCBI [19]) are depicted in
each gene using the following labels: RR = response regulator, HisKa = histidine kinase type A, HATPase = histidine-containing catalytic domain, MEMB REC = membrane-bound
receiving domain, HAMP= linker domain of histidine kinases and HPT = histidine-containing phosphotransferase domain. Labels conforming to the canonical Che chemotaxis operon
follow nomenclature described in Ref. [12].
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Fig. 2. Tests of niche complementarity amongW genotypes. W-type SCVs were collected
after 32–64 generations of growth by the ancestor (Early) or after long-term evolution
(LTE) from different populations (B1, B2, B3, or B6). S and R genotypes from the LTE B1
population, along with a single W genotype, were added at equal frequencies and
grown for 24 h. Final ecotype frequencies are shown, along with error bars indicating
SEM. The lower red line is the average ﬁnal frequency of all LTEW types (higher frequency)
and the upper red line is the average ﬁnal frequency of all naïve W ecotypes (lower
frequency). LTE W genotypes remained at signiﬁcantly higher frequency than Early W
mutants (t = 6.69, p b 0.0001). All genotypes for these experiments are listed in Table S1.
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to those previously detected in the long-term evolution (LTE) experi-
ment by summarizing their locations (Table 1) and plotting them on a
schematic of the wsp operon found in B. cenocepacia HI2424 (Fig. 1).
Two major points from this comparison deserve emphasis. First, all
but ﬁve of the 35 mutations occurred inwspA, a putative sensor kinase,
and wspE, a putative histidine phosphotransferase/response regulator,
which in tandem could be judged as input and output of a signal trans-
duction cascade. A model of how these proteins might operate is pre-
sented in the Discussion section. Second, in several cases the exact
same nonsynonymous substitution was observed in the short-term
and long-term experiments, which were conducted independently by
separate investigators years apart, but following identical protocol.
This study represents an extraordinary case of molecular parallelism to-
wards a putative adaptive phenotype. Among the EW clones, ﬁve mu-
tants had one to three additional nonsynonymous mutations that
suggest additional targets of selection beyond the scope of this report,
leaving seven mutants (six W-type SCVs) with only one wspmutation
to enable direct study of their ﬁtness effects.
3.2. Fitness of SCVs
Each mutant with a single wspmutation was competed against the
common ancestor. Eachmutation except one (wspED733V, with Smor-
phology) greatly increased ﬁtness (grand mean r= 1.15 ± 0.17 SEM).
Mutant ﬁtnesses varied signiﬁcantly (F = 7.38, df = 6, p = 0.0002),
but not when the low-ﬁtness S mutant was excluded (F = 1.30, df =
5, ns). Consistent with a shift towards bioﬁlm growth, EW mutants
also were less motile than the ancestor (mean swimming motility of
mutants = 11.4 mm, SD = 4.3 mm, ancestor mean = 36.2 mm,
SD=2.8 cm, t=−8.96, p b 0.0001), and obviously producedmore bio-
ﬁlm, given copious production on the tube at the air–liquid interface (as
shown in [32]).
The large advantages of EW mutants versus the ancestor and their
lack of ﬁtness variance supported the general prediction that they pro-
duced the samephenotypes in the selective environment. The recurrent
evolution and persistence ofW types in replicate populations imply that
they serve an ecological role affecting ﬁtness of both the genotype (en-
abling invasion) and the consortium (enabling persistence), and that
the absence of W types would be detrimental. Beginning with thegenotypes representing the majority lineages of the long-term evolved
B1 community, we constructed various mixtures and measured abso-
lute ﬁtness, i.e. the gain in cellular attachment to the plastic bead over
24 h (Fig. S1). This experiment demonstrated that the most productive
mixture involved all three ecotypes (S, R,W) and that removingW from
themixture was deleterious. These observations lent further support to
the concept of a W niche.
3.3. Tests of niche complementarity
The ecological questionmotivating this studywaswhether indepen-
dently evolved Wmutants with different genotypes could fulﬁll equiv-
alent roles in the evolved bioﬁlm community. To address this question
we measured ﬁtness for a variety of W mutants in the context of the
long-term evolved S and R genotypes isolated from population B1
PP
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+CH3
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WspE
-CH3
WspC
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*
*
*
*
?
biofilm
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P
unknown RR + activator domain
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autoinduction
Fig. 3. Model of the assembly, regulation, and function of the Wsp pathway in
Burkholderia based on the homologous pathway in Pseudomonas. WspA is a trans-
membrane receptor that detects a signal associated with growth on a surface.
WspB and WspD are CheW-like scaffold proteins. WspE is a CheA-like histidine
kinase with an additional receiver domain (REC) at the C-terminus. WspC is a predicted
CheR-like methyltransferase with a C-terminal tetratricopeptide repeat (TPR) domain
and WspF is a predicted CheB-like methylesterase. WspHRR is a hybrid protein with an
N-terminal response regulator homologous to WspR but with a novel C-terminal histidine
kinase and a likely dimerization site. In our model, detection of surface growth by WspA
results in phosphorylation of WspHRR that in turn phosphorylates an unknown response
regulator (yellow, unknown protein) that stimulates bioﬁlm production, either through
synthesis of cyclic-di-GMP or by direct transcriptional activation. Mutations in WspA and
WspE lead to autoinduction of this process, decoupling bioﬁlm formation from surface
detection.
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population, from among independently evolved bioﬁlm populations
(B2, B3, B6), and from the short-term EW genotypes described previ-
ously. For each replicate, populations were constructed in ratios of S:
R:W of 1:1:1, allowed to compete for bead attachment and growth for
24 h, and then their ﬁtnesses and frequencies were assessed. The results
of these experiments illustrate that LTEW types retain greater frequen-
cies in the mixed community than naïve W mutants derived immedi-
ately from the ancestor (Fig. 2). EW genotypes were found at 10%
after 24 h with little variation, whereas LTE W genotypes were found
at 21.5%, which implies that W genotypes recovered after long-term
evolution achieved greater ecological stability. We note that the fre-
quency ofW colonies in LTE populations is actually ~10%, but the great-
er frequencies for LTEW types shownhere likely result from insufﬁcient
time (~7 generations) to reach ecological equilibrium due to their rela-
tively greater ﬁtness. Interestingly, LTE W genotypes from population
B1 exhibited signiﬁcant variation for ﬁtness when grown alone (F =
16.8, p b 0.0001), but not when grown in the presence of S and R eco-
types (F = 0.28, ns), and each mixed community achieved similar pro-
ductivity. This indicates that relative to the entire community, the role
ofW is achieved through common interactionswith the other LTE geno-
types, but relative to each other (that is,wrinkly towrinkly) there is var-
iation among niche residents. Thus, genetic variation for ﬁtness among
W types may persist over hundreds of generations owing to comple-
mentary effects of other ecotypes in the bioﬁlm.
4. Discussion
The overall goal of this studywas to understandwhywrinkly colony
variantswere found in all replicate LTE populations of B. cenocepacia as a
means of understanding their prevalence in awide range of experimen-
tal and infectious bioﬁlms.WeaskedwhetherWphenotypeswere func-
tionally equivalent using assays of ﬁtness when grown in isolation,
when competing with the ancestor, and when competing against the
other evolved ecotypes prevalent in this LTE system. In so doing, we
tested the hypothesis that allWmutants inhabited a niche complemen-
tary to those of other ecotypes and that oneWmutant couldﬁll the eco-
logical void created by the removal of another. The results presented
here support this hypothesis, with the interesting ﬁnding that diverse
bioﬁlms can actually mask, or complement, signiﬁcant ﬁtness variance
in ﬁtness amongW-type SCVs.
An added beneﬁt of this studywas that in gathering and characteriz-
ing a variety ofWgenotypes for ecological studies we better deﬁned the
genetic mutations and the affected pathway that produces the W phe-
notype. By examining mutations in the metagenomes of the LTE popu-
lations as well as by collecting and sequencing 18 newly arising SCV
clones from short-term experiments, we have now isolated 35 indepen-
dent mutations at 27 positions in one gene cluster to be associated with
the W phenotype. This cluster is homologous to the wsp operon that is
well characterized in Pseudomonas [7,13] for its production of awrinkly
spreader phenotype related to the metabolism of cyclic diguanylate
monophosphate (c-di-GMP). In Pseudomonas, this operon encodes a
signal transduction complex that senses (viawspA) an unknown signal
related to surface contact, aggregates to form clusters in the cell, and
transmits this signal (via wspE) to induce bioﬁlm production by
phosphorelay to a diguanylate cyclase (DGC) [1,13,20,21,29].
The wsp system is organized very similarly in Burkholderia and
thus allows us to hypothesize a similar model of assembly in the
cell (Fig. 3). However, the wsp operons found in a wide range of
Burkholderia genomes lack an obvious cognate DGC [35]. We there-
fore predict that in Burkholderia a signal associated with surface
growth is received byWspA that induces phosphorelay toWspE (involv-
ing the aspartic acid at position 733), which in turn phosphorylates
another protein with the response regulator (RR) domain that is 70%
similar to the RR of PseudomonasWspR. This Burkholderia homolog does
not have a C-terminal DGC that synthesizes c-di-GMP; rather, it has aC-terminal histidine kinase, making this enzyme a hybrid response
regulator/histidine kinase, or WspHRR [12]. We predict that WspHRR in
turn phosphorylates an unknown response regulator that stimulates bio-
ﬁlm production, either through synthesis of cyclic-di-GMP or by direct
transcriptional activation. It is possible that Burkholderia evolved this al-
ternative system to broaden the regulatory effects of wsp from a single
DGC to potentially many DGCs, PDEs, or other unidentiﬁed physiological
outcomes.
So howdomutations in this system lead to high-bioﬁlmWvariants?
The overall distribution of mutations found in W variants is instructive
and surprising, because all 35 detected mutations in the wsp operon
produced single, nonsynonymous amino acid changes, except for one
small in-frame deletion. No synonymous mutations or those producing
premature stop codonswere observed, which provides strong evidence
that the system must remain intact in the cell and complete loss of an
active protein is not tolerated. Rather, it appears that a variety of small
changes, especially in the sensor WspA and the output WspE, can pro-
duceW variants.We predict that thesemutations lead to autoinduction
of surface-sensing, effectively locking cells with these mutations in a
bioﬁlm lifestyle and decoupling their physiology from surface detection.
As evidence of this model, W variants growing planktonically still pro-
duce high bioﬁlm by auto-aggregating. Furthermore, the mutations
found in wspHRR, which are all found in a site predicted to be a dimer-
ization domain, lend additional support for this model, because they
452 V.S. Cooper et al. / Genomics 104 (2014) 447–452produce notWbut rather small, mucoid colonieswith intermediate bio-
ﬁlmandﬁtness.Wepredict that thesemutationspositively inﬂuencedi-
merization and activate downstream function of WspHRR, but without
the strong input of the Wsp phosphorelay.
In summary, small colony variants of Burkholderia observed during
experimental evolution arise in response to strong selection for surface
attachment via mutations that cause the cells to form bioﬁlms even in
the absence of a target surface, thus achieving a key ﬁtness advantage
by sticking early. For Burkholderia as well as P. ﬂuorescens [1], Wsp mu-
tations can bind cells to one another and lead to multicellular bioﬁlm
constituents. This dynamic of early attachment byW types was ﬁrst re-
ported in an eco-evolutionary study of these LTE populations [23], and
here we elucidate themechanisms bywhich they rapidly evolve. Signif-
icantly, the facts that such variants evolve so easily, that they ﬁll a crit-
ical niche and that they increase the overall ﬁtness of their community
help to explain why bioﬁlms associated with chronic infections may
be rife with SCV variants. Clinicians have long reported that high-
bioﬁlm variants are more difﬁcult to treat because of their exceptional
resistance to antibiotics [9,11,27,38], which has prompted the idea
that the SCVs arise in response to treatment. The work presented here
points to an alternative hypothesis, namely that W-type SCVs may
evolve in response to bacterial interactions within the bioﬁlm favoring
early attachment to the host as the bioﬁlms migrate. There is growing
evidence to support this hypothesis from studies of Staphylococcus
aureus SCVs from cystic ﬁbrosis infections, in which co-infections with
Pseudomonas aeruginosa select for S. aureus SCVs because they resist ef-
fects of an antibiotic produced by P. aeruginosa itself [15,36]. Thus,
higher antibiotic resistance may be the effect and not the cause of
small colony variants in bioﬁlm-associated chronic infections.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ygeno.2014.09.007.
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